Rapid evolution of reproductive proteins has been documented in a wide variety of taxa. In internally fertilized species, knowledge about the evolutionary dynamics of these proteins between closely related taxa is primarily limited to accessory gland proteins in the semen of Drosophila. Investigation of additional taxa and functional classes of proteins is necessary in order to determine if there is a general pattern of adaptive evolution of reproductive proteins between recently diverged species. We performed an evolutionary analysis of 2 egg coat proteins, ZP2 and ZP3, in 15 species of deer mice (genus Peromyscus). Both of these proteins are involved in egg-sperm binding, a critical step in maintaining species-specific fertilization. Here, we show that Zp2 and Zp3 gene trees are not consistent with trees based on nonreproductive genes, Mc1r and Lcat, where species formed monophyletic clades. In fact, for both of the reproductive genes, intraspecific amino acid variation was extensive and alleles were sometimes shared across species. We document positive selection acting on ZP2 and ZP3 and identify specific amino acid sites that are likely targets of selection using both maximum likelihood approaches and patterns of parallel amino acid change. In ZP3, positively selected sites are clustered in and around the region implicated in sperm binding in Mus, suggesting changes may impact egg-sperm binding and fertilization potential. Finally, we identify lineages with significantly elevated rates of amino acid substitution using a Bayesian mapping approach. These findings demonstrate that the pattern of adaptive reproductive protein evolution found at higher taxonomic levels can be documented between closely related mammalian species, where reproductive isolation has evolved recently.
Introduction
Over the past decade, a pattern of rapid evolution of proteins involved in reproduction has emerged from research in taxa ranging from diatoms to primates (Singh and Kulathinal 2000; Vacquier 2002a, 2002b) . Investigations of reproductive protein evolution have examined sperm-egg recognition proteins in marine invertebrates Vacquier 2002a, 2002b) , accessory gland proteins in semen of Drosophila (Civetta and Singh 1995; Cirera and Aguade 1997; Tsaur and Wu 1997; Aguade 1999; Begun et al. 2000; Swanson, Clark et al. 2001) , proteins expressed in the female reproductive tract of Drosophila (Swanson et al. 2004) , and male and female reproductive proteins in mammals (Wyckoff et al. 2000; Swanson, Yang et al. 2001; Torgerson et al. 2002; Jansa et al. 2003; Kingan et al. 2003; Swanson et al. 2003; Dorus et al. 2004; Clark and Swanson 2005) . Rapid divergence and positive selection have been documented in many of these reproductive proteins.
Adaptive evolution of egg and sperm interaction proteins, specifically, has been documented at several taxonomic levels in marine invertebrates (Swanson and Vacquier 2002b; Galindo et al. 2003; Geyer and Palumbi 2003; Mah et al. 2005) . In these broadcast spawners, maintenance of species-specific binding of gametes has been proposed as a possible explanation for their rapid divergence (Swanson and Vacquier 2002a) . However, the selective pressures driving reproductive protein evolution may vary in different taxa (Swanson and Vacquier 2002a) . For example, in internally fertilized species, organisms have more control over which individuals exchange gametes, and the environment in which gametes interact is different (Eisenbach and Giojalas 2006) . Thus, the selective pressures on reproductive proteins in internally fertilized species may differ substantially from those acting on species with external fertilization.
The seminal proteins produced by accessory glands of Drosophila (Acps) are the most well-studied class of reproductive proteins in internally fertilized species. Rapid evolution and positive selection have been documented for many Acps, both between closely and distantly related species (Begun et al. 2000; Swanson, Clark et al. 2001; Begun and Lindfors 2005; Mueller et al. 2005) . Recent work has demonstrated that proteins expressed in the testes, ovaries, and female reproductive tracts of Drosophila also evolve rapidly, although not as dramatically as Acps (Swanson et al. 2004; Jagadeeshan and Singh 2005) . However, detailed examination of the evolution of reproductive proteins in different taxa and functional classes is necessary to determine if evolution of Drosophila Acps reflects a general pattern in internally fertilized species.
Research on the evolution of reproductive proteins in mammals has thus far focused primarily on identifying genes that have experienced positive selection by analyzing sequences from distantly related species. To our knowledge, there has only been one study addressing patterns of evolution of a reproductive protein within a mammalian genus (Jansa et al. 2003) ; the authors provided evidence that the egg protein ZP3 had experienced positive selection in the Mus genus; however, when their analysis was repeated without including outgroup sequences, there was no longer evidence for positive selection (see Supplementary Material online for details). Lack of significance may be due to limited sampling; therefore, we decided to test extensively for positive selection on egg proteins in the evolution of a single genus.
Here, we extend previous work in mammals by documenting patterns of evolution of egg coat proteins in closely related species of deer mice (genus Peromyscus). As in Drosophila, pairs of Peromyscus taxa with varying degrees of reproductive isolation may be sampled, including populations, subspecies, sister species, species, and species groups (Hooper 1968) . In addition, sperm competition and sexual conflict have been proposed as important factors driving reproductive protein evolution (Wyckoff et al. 2000; Price et al. 2001; Swanson, Yang et al. 2001; Torgerson et al. 2002) . Peromyscus has well documented variation in mating system (Kleiman 1977; Wolff 1989) ; thus, we are also able to compare evolution of fertilization proteins between closely related species where the selective environment may differ.
The fertilization process, and specifically egg-sperm interactions, is better understood in mammals than in other internally fertilized species, providing a large number of candidate genes. We focused on 2 proteins that are directly involved in egg-sperm binding because this step of fertilization is critical to species-specific fertilization . The egg proteins ZP2 (zona pellucida glycoprotein 2, Zp2) and ZP3 (zona pellucida glycoprotein 3, Zp3) are 2 of the proteins that make up the zona pellucida, or egg coat, and they are both necessary for binding of the egg and sperm . We chose to focus initially on the egg component of this interaction because the identity and function of the sperm proteins involved are less well defined (Jansen et al. 2001) .
The goal of this study was to determine patterns of evolution of ZP2 and ZP3 in Peromyscus. We identify differences in tree topologies and patterns of intraspecific variation between these egg coat proteins and nonreproductive proteins. We document positive selection acting on ZP2 and ZP3 and determine the spatial pattern and identity of amino acid sites under selection. Finally, we identify lineages with significantly elevated rates of amino acid substitution in ZP2 and ZP3. Together, these results suggest that positive selection is driving divergence of egg coat proteins in closely related species and allow us to nominate candidate amino acid sites that may contribute to reduced fertilization potential between sister taxa.
Materials and Methods

Extraction, Amplification, and Sequencing
To maximize genetic variation, 1-3 geographic locales for each of 15 Peromyscus species were sampled (table 1, see Supplementary Material online for details). For each locale, 1-2 individuals were included, for a total of 44 individuals (Zp2) and 48 individuals (Zp3). An additional 2 individuals of an outgroup species, Onychomys torridus, were sequenced for each gene. Genomic DNA was extracted from frozen or ethanol-preserved tissue samples (tail, liver, or kidney) using DNeasy tissue kits (Qiagen, Valencia, CA).
The entire genomic sequence of each reproductive gene and some 5# and 3# flanking sequence was determined in Peromyscus polionotus, totaling 12,755 bp for Zp2 and 11,518 bp for Zp3 (see Supplementary Material online for complete genomic sequences). Initially, 2-to 4-kb regions of each gene were amplified using primers designed in conserved regions, based on aligned exon sequences from mammalian species available in GenBank. Resulting polymerase chain reaction (PCR) products were cloned (pGEM-T system, Promega, San Luis Obispo, CA) and sequenced using T7 and SP6 primers and internal sequencing primers. Sequences were edited and contigs assembled using SE-QUENCHER (Gene Codes, Ann Harbor, MI). Once sequences were verified as the correct targets based on identity with Mus sequences, a genome walking approach (Universal GenomeWalker Kit, Clontech, Mountain View, CA) was used to amplify and sequence 5# and 3# of cloned regions in the same P. polionotus individual until the entire genomic sequence was determined. The predicted amino acid sequence was aligned to Mus and Rattus sequences using ClustalW (Chenna et al. 2003) .
After the entire P. polionotus nucleotide sequence for both fertilization genes was complete, Peromyscus specific primers were designed to amplify exons 8-10 of Zp2 (2,102 bp) and exons 6-7 of Zp3 (790 bp) ( fig. 1 ). These regions were chosen because they contain several sites identified as targets of selection in an analysis of divergent mammalian species (Swanson, Yang et al. 2001) . In addition, the region chosen for Zp3 contains the sperm-combining region, which is necessary for ZP3's role in fertilization . PCR was performed under standard conditions (Supplementary Material online) .
In order to determine whether phylogenies for the fertilization proteins are representative of species relationships, we sequenced 2 nonreproductive nuclear genes, the melanocortin-1 receptor (Mc1r) and lecithin cholesterol acyl transferase (Lcat). Mc1r is a G-protein-coupled receptor involved in pigmentation (Barsh 1996) . Lcat is an enzyme in the glycerophospholipid metabolism pathway (Kuivenhoven et al. 1997 ). An 869-bp fragment containing most of the single-exon-coding region of Mc1r and a 487-bp fragment containing most of exon 6 of Lcat were amplified under standard conditions (Supplementary Material online) using published primers (Robinson et al. 1997; Nachman et al. 2003) . PCR products were purified using a MinElute PCR purification kit (Qiagen) or a PerfectPrep PCR cleanup 96 kit (Eppendorf, Westbury, NY) if a single band was present. If multiple bands were present, PCR products were purified using the MinElute Gel Extraction kit (Qiagen). Purified PCR products were directly sequenced on an ABI 3100 automated sequencer (Applied Biosystems, Foster City, CA) using both PCR amplification primers and internal sequencing primers. For Zp2 and Zp3, if an individual was heterozygous at more than one site, PCR products were cloned (TOPO-TA, Invitrogen, Carlsbad, CA) and sequenced using T7 and T3 primers to determine phase. Base calls were confirmed by eye, and sequences were aligned in SEQUENCHER. Coding region sequences analyzed for each gene included: Zp2 (381 bp, 127 aa), Zp3 (228 bp, 76 aa), Mc1r (756 bp, 252 aa), and Lcat (445 bp, 148 aa). Sequences were deposited in GenBank (Accession numbers DQ482843-DQ482899; DQ668051-DQ668343).
Phylogenetic Reconstruction
Bayesian gene trees were constructed using MrBayes (Huelsenbeck and Ronquist 2001, General Time Reversible [GTR] 1 C, partitioned by position in codon, 10 million generation Markov Chain Monte Carlo [MCMC]) both with and without outgroup sequences included. The first 500,000 generations were excluded as burn-in. Mc1r and Lcat were concatenated, and the data set was partitioned by both gene and position in codon; separate trees were generated using sequences from the same individuals included in the Zp2 and Zp3 data sets. We determined the appropriate model for each gene using hierarchical likelihood ratio tests (LRTs) comparing nested models (Huelsenbeck and Crandall 1997) . Likelihoods of the resulting highest posterior probability tree were determined under alternative models available in MrBayes (nst 5 1, 2, 6) using PAUP* (v.4b10, Swofford 2002) . Trees were rooted using outgroup (O. torridus) sequences, if included. Neighbor-joining (NJ) and maximum likelihood (ML) trees were generated in PAUP* (GTR 1 C). In order to determine support values, ML analysis was repeated for 100 bootstrap data sets generated using the program SEQBOOT from the PHYLIP package (Felsenstein 2004) . Because the gene data were partitioned by position in codon, we generated bootstrap data sets by resampling at the codon level rather than the nucleotide level.
Detection of Positive Selection
We tested for evidence of positive selection by comparing the nonsynonymous substitution rate (d N ) to the synonymous substitution rate (d S ). If a gene is evolving neutrally, x 5 d N /d S is expected to equal one, whereas x greater than one is considered strong evidence that a gene experiences positive selection. We used several ML approaches to test for evidence of positive selection on these fertilization proteins. The first approach, developed by Nielsen and colleagues (hereafter referred to as NY models), involves comparisons of a neutral codon substitution model with x constrained to be ,1 to a selection model where a class of sites has x . 1 (Nielsen and Yang 1998; Yang et al. 2000) . As neutral models are nested within the corresponding selection models, a LRT can be used to compare them. The test statistic ÿ2DlnL (DlnL 5 the difference in log likelihoods of the 2 models) follows a v 2 distribution with degrees of freedom (df) equal to the difference in number of parameters between models. In the specific models implemented, x varies between codons as a discrete (neutral: M0, M1; selection: M3, M2) or beta distribution (neutral: M7, M8A; selection: M8). We implemented models M0, M1, M2, M3, M7, and M8 ) with the codeml program in PAML (v.3.14, Yang 2000) . In order to account for uncertainty in the phylogeny, we performed the analysis using the 10 most probable trees from MrBayes as well as the NJ tree. Results of 3 model comparisons (M3 vs. M0, M2 vs. M1, M8 vs. M7) were consistent; here, we present data for the M8 versus M7 comparison, as this comparison is considered a more stringent test of positive selection (Yang and Nielsen 2002) . We performed an additional test comparing results from M8 to a modified version of the model where the selection class has x set to 1 (model M8A, Swanson et al. 2003) . This test rules out the possibility that the neutral model is rejected because of a poor fit of the beta distribution for neutral and negatively selected sites. The test statistic follows a 50:50 mix of a v 2 distribution with one df and a point mass at zero. Amino acid sites experiencing positive selection were identified using the Bayes empirical Bayes (BEB) procedure (Yang et al. 2005) . The BEB procedure is a modified version of an empirical Bayes' approach (Nielsen and Yang 1998 ) that identifies the most likely x class for each codon site. Those sites that are most likely to be in the positive selection class (x . 1) are identified as likely targets of selection. The BEB procedure is an improvement over the previous approach as it takes into account sampling error in the ML estimates of parameters.
As our data include multiple alleles from each species, there is a possibility that recombination has occurred between alleles within species. In addition, if only a short time elapsed between speciation events, recombinant alleles from a polymorphic ancestor may have fixed in closely related species. Recombination can reduce the accuracy of the NY models (Anisimova et al. 2003 ) because different sites can have different phylogenetic histories. Specifically, differences in topology can result in patterns that look like recurrent substitution, and differences in branch lengths can result in variation in synonymous divergence among sites. We accounted for differences in topology in part by applying the NY models to multiple trees for each egg protein; however, it is possible that phylogenetic histories for all sites were not sampled. In order to address the issue of differences in branch lengths between sites, we applied additional methods to test for positive selection.
Although the NY models allow for variation in the nonsynonymous substitution rate, the synonymous rate is fixed across the sequence. Recently, several methods for detecting positive selection that allow for variation in synonymous rate have been proposed. These methods are new implementations of the 3 general classes of previous models, counting methods, fixed effects methods, and random effects methods. Counting methods map changes onto the phylogeny to estimate x on a site-by-site basis. Kosakovsky Pond and Frost (2005b) propose a version called the single-likelihood ancestor counting (SLAC) method, which calculates the number of nonsynonymous and synonymous substitutions that have occurred at each site using ML reconstructions of ancestral sequences. Kosakovky Pond and Frost additionally introduce a version of a fixed effect approach, which estimates x on a site-by-site basis. Their fixed effect likelihood (FEL) method uses ML estimation and treats shared parameters (branch lengths, tree topology, and nucleotide substitution rates) as fixed. The random effects likelihood (REL) method is similar to the NY model M3; however, both nonsynonymous and synonymous rates vary as gamma distributions with 3 rate classes (Kosakovsky Pond and Frost 2005b; . The SLAC and FEL methods were implemented using the web interface DATAMONKEY (Kosakovsky Pond and Frost 2005a) , and the REL method was implemented in HYPHY ).
Mapping of Amino Acid Substitutions
Nucleotide substitutions in both the reproductive genes Zp2 and Zp3 and nonreproductive genes Mc1r and Lcat were mapped onto the Mc1r/Lcat ML trees using maximum parsimony. Combined Mc1r/Lcat trees were used because of potential inaccuracies in the topology of gene trees for Zp2 and Zp3 due to parallel amino acid substitutions (see Results). In addition, substitutions in Zp2 and Zp3 were mapped using a Bayesian method (Nielsen 2002) with the program SIMMAP (Bollback 2006) . Because, by definition, the parsimony method assumes that evolution has occurred in the fewest possible number of mutational steps, this approach provides a biased estimate. The degree to which parsimony underestimates the number of mutations depends on branch length and mutational parameters. The Bayesian method provides an advantage over parsimony because it accounts for uncertainty in the topology and model parameters by simulating mappings based on their probability of occurrence (Nielsen 2002) . The Bayesian mappings were performed for Zp2 and Zp3 data sets that were modified such that, for sites that were variable within a species, only the derived state was included; this modification ensured that substitutions that were not fixed were not counted more than once and resulted in conservative estimates of the number of substitutions at these sites. Substitutions were mapped onto 1,000 samples from posterior distributions of trees generated in MrBayes based on both the data set for the gene and on the concatenated Mc1r/Lcat data sets (11 million generation MCMC, 1 million generation burn-in, GTR 1 C). We used the GTR 1 C model for mapping; mutational parameters were sampled from the posterior distribution for the Zp2 and Zp3 data sets. Ten realizations (mappings generated that are consistent with the data) were generated for each amino acid site for each of the 1,000 trees for each data set.
We performed an additional mapping analysis to determine if there was significant variation in rate of substitution across lineages. For this analysis, we focused on the branches on the tree where substitutions occur. As with parsimony mapping, we mapped changes onto the ML trees based on the Mc1r/Lcat data from the same individuals. Using SIMMAP, we determined the mean total number of nonsynonymous and synonymous substitutions that occurred on each branch over 1,000 realizations per codon. In order to determine if patterns of change were different from expectations (i.e., if there was no increase in rate of substitution for any particular branch), results for the observed data were compared with a null distribution based on 100 simulated data sets each generated from 1,000 realizations for each codon with the same mutational parameters. The rate class and starting state for each codon realization were determined by passing from the tips to the root of the tree and determining conditional likelihoods of rate/state at each node. States at the tips of the tree were then simulated using that rate category (Bollback 2006) . Observed values were considered significantly different from expected if they fell outside 95% of the probability density of the simulated distribution.
Results
Structure and Sequence Variation of Egg Proteins
Intron/exon structure for both Zp2 and Zp3 is conserved between Peromyscus and Mus ( fig. 1 ). Sequence identity between P. polionotus and Mus is 85% for Zp2 and 84% for Zp3. Protein length is largely conserved with Mus; ZP2 is identical in length, and the few amino acid insertions/deletions in ZP3 (3 indels, 1-2 aa each) are very small. Conservation of length and ability to align the entire amino acid sequence suggest that these proteins probably retain the domain structures predicted in Mus. There are, however, some potentially important differences between Peromyscus and Mus ZP3. Namely, numerous gains and losses of glycosylation sites have occurred; these changes may have functional consequences, as some evidence indicates glycosylation is critical to ZP3 function (Chen et al. 1998 ; but see Dean 2004 ). Three of 6 N-glycosylation sites found in Mus and Rattus were lost in Peromyscus, and 2 Nglycosylation sites in different positions were gained. In addition, 2 O-glycosylation sites (Mus Ser-332 and Ser-334), which have been identified as essential for sperm binding by ZP3 (Chen et al. 1998; but see Dean 2004) , are conserved in mouse, rat, hamster, and human. One of these sites (331, homologous to Mus 332) has been lost in Peromyscus.
Phylogenetic Reconstruction
Mc1r/Lcat trees produced by ML, Bayesian, and NJ methods were consistent with each other with the exception of lineages within Peromyscus maniculatus; thus, only the ML tree is presented ( fig. 2 ). Topologies were also consistent with published species trees based on morphological and molecular data (Avise et al. 1974; Rogers and Engstrom 1992; Tiemann-Boege et al. 2000) . Species formed monophyletic groups with 2 exceptions: 1) a single Peromyscus aztecus individual fell outside the clade containing the other 2 P. aztecus and Peromyscus boylii individuals (this individual was placed outside the clade for Zp2 and Zp3 as well; thus, the taxonomic identity of that sample is uncertain) and 2) Peromyscus leucopus was paraphyletic. Similar to the Mc1r/Lcat phylogeny, the egg protein gene trees generated by different methods did not differ in topology, although some clades in the NJ tree were unresolved in the ML and Bayesian trees; thus, only the ML trees are presented ( fig. 2) . Strikingly, gene trees of Zp2 and Zp3 were not consistent with each other, with Mc1r/Lcat trees, or with published phylogenies. The topology of these gene trees may reflect cases where the same amino acid substitution occurred independently in more than one lineage (see Mapping of Amino Acid Substitutions). For example, the ML tree for Zp2 groups 2 alleles from Peromyscus truei with the maniculatus and leucopus species groups, a relationship not consistent with any other phylogeny. Exclusion of sites that changed in parallel in multiple lineages resulted in topologies for Zp2 and Zp3 that were more similar to Mc1r/ Lcat trees and published phylogenies (data not shown).
Both Zp2 and Zp3 experienced numerous amino acid substitutions during the evolution of the Peromyscus genus. Twenty-five of 127 amino acid sites (19.7%) in exons 8-10 of Zp2 ( fig. 3a) and 22 of 76 sites (28.9%) in exons 6-7 of Zp3 ( fig. 3b ) were variable, with several sites having multiple substitutions. For comparison, only 13.9% of sites in Mc1r and 5.4% of sites in exon 6 of Lcat were variable. However, overall estimates of x for Zp2 (0.38) and Zp3 (0.31) were less than one, indicating that if these genes experienced positive selection, selection acted on a subset of amino acid sites.
Intraspecific Variation
Despite the limited number of alleles sampled for each species, we found extensive intraspecific amino acid variation in both Zp2 and Zp3. For example, we identified 4 alleles of Zp2 in 3 P. aztecus individuals with 5 variable amino acid sites. For Zp3, we found 3 alleles in 3 P. truei individuals, again with 5 variable amino acid sites. Alleles from a single species did not always form monophyletic groups, indicating alleles from different species were sometimes more similar than alleles within species.
Amino Acid Sites under Selection
Results from all 4 ML approaches for detecting selection indicated that a proportion of amino acid sites of both egg proteins have evolved adaptively. For Zp2, the LRTs comparing NY selection model M8 with neutral models (M7 and M8A) were significant (P , 0.05), with 1-2% of sites in the positively selected class with a mean x 5 7.93 (range 7.77-9.27). The BEB procedure identified sites 239 and 321 as likely targets of positive selection. Results of the NY models for Zp2 were consistent among analyses using the 10 most probable Bayesian trees and the NJ tree; significance of the LRTs and sites identified as targets of positive selection did not differ. Estimates of x and posterior probabilities were similar for the 10 Bayesian trees but differed somewhat for the NJ tree; average values for the Bayesian trees are presented in table 2. For Zp3, LRTs comparing M8 with M8A were significant for all trees, and LRTs comparing M8 with M7 were significant for 4 of the 11 trees, and all tests had P , 0.10. Results averaged across the 10 most probable Bayesian trees are presented in table 2. The nonsignificance of the LRT comparing M8 with M7 in some cases may be due to the fact that the comparison of the test statistic to a v 2 with 2 df is an approximation causing the test to be conservative, particularly for short, closely related sequences (Anisimova et al. 2001 ). Parameter estimates indicate that 2-3% of sites are in the positively selected class with a mean x 5 5.26 (range 4.80-6.82). The BEB approach identified sites 343 and 345 as targets of positive selection for all analyses and site 316 in 4 of the 11 analyses.
The SLAC method did not identify any sites in ZP2 or ZP3 with evidence of positive selection significant at the P , 0.05 level; however, both sites identified with the BEB method in ZP2 (239 and 321) and one of the sites in ZP3 (345) had P , 0.20 of positive selection (table 2). Lack of significance at the 0.05 level is not surprising, as counting methods have low power with sequences of low divergence, and analyses of simulated data sets of similar size indicate that P values for the SLAC and FEL methods ,0.20 have a true Type I error rate of ,5% (Kosakovsky Pond and Frost 2005b) . Using the FEL method, sites 239 and 321 of ZP2 and 345 of ZP3 were significant at the P , 0.05 level. An additional 3 sites in ZP3 were significant at the P , 0.20 level. The REL method also identified sites 239 and 321 of ZP2 as positively selected, although the posterior probability of selection for site 321 (0.76) was lower than with the BEB method (0.90). REL estimates of x were higher than NY estimates for both sites. For ZP3, REL identified 15 sites with posterior probabilities .0.5 of positive selection (290, 295, 296, 308, 316, 320, 324, 326, 329, 330, 335, 337, 340, 343, and 345) . However, in most cases, high x values were due to low d S rather than high d N ; of the 15, only sites 343 and 345 (sites identified by all BEB analyses) -Amino acid sequence alignment of (a) variable amino acid sites in exons 8-10 (aa 236-362) of ZP2 and (b) all amino acid sites in exons 6-7 (aa 278-353) of ZP3; all sites are given for ZP3 in order to show spatial pattern of variable sites. In (a), numbering is consistent with Mus ZP2, and region in (b) aligns to aa 279-354 of Mus ZP3 (Boja et al. 2003) . Alleles with identical amino acid sequences have been collapsed into a single haplotype, unless they are from different species. Onychomys torridus sequences are included as the outgroup. Dots indicate identity with the consensus sequence. Diamonds indicate amino acid sites that have a posterior probability .50% of being under positive selection in Peromyscus in one or more BEB analysis; amino acid site numbers are below the diamonds. Amino acids that have been substituted independently in more than one Peromyscus lineage are in bold. In (b), the box delimits the sperm-combining region (Kinloch et al. 1995) , asterisks indicate sites that had a posterior probability .50% of being under positive selection in a phylogenetically diverse set of mammals (Swanson, Yang et al. 2001) , and closed circles indicate 2 sites that had correlated change in both Peromyscus aztecus and Peromyscus melanophrys.
were assigned to the class with the highest d N . Those 2 sites and the third site identified in some of the BEB analyses (316) also had the highest estimates of x. Thus, the results were relatively consistent with BEB, although as for ZP2, estimates of x were higher for each site.
In summary, all 4 ML approaches identified sites 239 and 321 of ZP2 and site 345 of ZP3 as likely targets of selection. For ZP3, an additional 2 sites (316 and 343) were identified by some, but not all methods, as targets of selection.
Mapping of Amino Acid Substitutions
The pattern of amino acid change based on parsimony mapping provides further evidence that ZP2 and ZP3 evolved under positive selection (fig. 4) . Eight amino acid sites in ZP2 and 7 sites in ZP3 changed independently to the same amino acid in 2 or more Peromyscus lineages (table 3) . For example, site 239 in ZP2 changed from arginine (R) to histidine (H) in 3 different Peromyscus lineages, and the reverse change occurred in 4 lineages. In ZP3, site 345 changed from arginine (R) to glutamine (Q) in 3 lineages. This change, although classified as conservative based on Grantham's distance, which takes into account amino acid size, hydrophobicity, charge, and polarity, was a change from a positively charged to a noncharged residue. Parallel evolution at the amino acid sequence level can be interpreted as evidence of adaptive evolution (Zhang 2003) ; consequently, sites that have changed in parallel are likely targets of selection in addition to those identified with the ML approach.
There are 2 additional sites in ZP3 (337 and 340) with patterns of substitution consistent with positive selection. Both of these sites had 2 substitutions in a single lineage over a relatively short period of time. For example, site 340 changed from glutamic acid (E) to aspartic acid (D) in the clade containing californicus/eremicus/eva/fraterculus/crinitus and subsequently from aspartic acid (D) to alanine (A) in Peromyscus crinitus.
As previously mentioned, sequence comparisons between closely related species introduces the possibility of recombination, which could result in patterns that look like recurrent substitution. To address this potential problem, we compared patterns of parallel substitution between the egg protein genes and the nonreproductive genes (Mc1r and Lcat). Recombination within extant species or a polymorphic ancestor is expected to generate similar patterns for both sets of genes, assuming they experience similar recombination rates, and would affect patterns of both nonsynonymous and synonymous substitutions in a similar manner. First, our results show that parallel amino acid substitutions were rare or absent in the nonreproductive genes. Second, the ratio of sites with parallel nonsynonymous substitutions to sites with parallel synonymous substitutions was significantly higher in reproductive genes than in nonreproductive genes (Fisher's exact test, P 5 0.002). In addition, proportions of parallel sites did not differ significantly between genes within each class. These results support the supposition that positive selection, rather than recombination, is the cause of parallel patterns of amino acid substitutions in ZP2 and ZP3.
In order to determine potential functional consequences of amino acid substitutions, we examined the spatial pattern of nucleotide substitution in Zp2 and Zp3. In addition to considering the location of adaptively evolving sites, overall patterns of synonymous and nonsynonymous change across the sequenced regions were determined through Bayesian mapping ( fig. 5 ). Amino acid substitutions in ZP2 were not localized in any one region, and there was no clustering of the sites identified as positively selected by the ML methods (239 and 321) or sites that experienced parallel changes ( fig. 3a) . These results are consistent with the dispersed pattern of sites identified as positively selected in an analysis of ZP2 in a diverse set of mammals (Swanson, Yang et al. 2001) . In addition, the specific functional roles of different domains of ZP2 are not well characterized; therefore, it is difficult to predict whether changes at these NOTE.-N, number of alleles sequenced; L C , length of sequence in codons; S, tree length in substitutions per codon; d N /d S , ratio averaged across all sites and lineages (estimated with PAML, M0 [Yang 2000] ); Selection parameters: average values from M8 estimated in PAML using 10 most probable Bayesian trees, p s , proportion of sites in the ''x . 1'' class; x s , x estimate for that class; P, P value of LRT comparing models listed, significant values (0.05 level) are bold; positively selected sites (M8): sites with posterior probability .0.5 of being in positively selected class in any analysis given as amino acid position, posterior probability that the site experiences positive selection, and the average ML estimate of x at the site. Positively selected sites (SLAC)/(FEL): sites (and P values) identified using the SLAC and fixed effects likelihood (FEL) methods (Kosakovsky Pond and Frost 2005b) with P values consistent with a Type I error rate less than 5% (P , 0.20). Positively selected sites (REL): results of the REL method for sites identified by BEB procedure are given as amino acid position, posterior probability that the site experiences positive selection, and the estimate of x at the site.
sites might impact egg-sperm binding. In contrast, amino acid substitutions in ZP3 were concentrated in and around the region homologous to the Mus sperm-combining site ( fig. 5 ). In addition, sites identified as positively selected by more than one ML method (316, 343, and 345) and sites that have changed in parallel clustered in this region ( fig.  3b) . Interestingly, these sites neighbor but are not the same as those sites identified as positively selected in ZP3 in more divergent mammalian taxa (Swanson, Yang et al. 2001) .
For both ZP2 and ZP3, the amount of amino acid change varied across lineages, both in absolute terms and in relation to the amount of synonymous change (fig. 4) . Differences are apparent when comparing the number of amino acid substitutions on each branch determined by parsimony to branch length determined by overall substitution. For example, in ZP3, parsimony mapping suggests that there have been 3 amino acid substitutions in the P. crinitus lineage, and 4 sites were variable within the species, yet only one substitution has occurred in the rest of the clade. In ZP2, a different pattern is observed for this clade: P. crinitus has not fixed any substitutions, but there have been 5 substitutions in the rest of the clade. In addition, we did not observe a consistent pattern of decrease in substitution rate in ZP2 and ZP3 in the 2 monogamous taxa, P. polionotus and Peromyscus californicus.
Bayesian mapping allowed us to test whether elevated rates of amino acid substitution in some lineages were significantly different from neutral expectations. In general, results from the Bayesian approach were in agreement with patterns inferred from parsimony results, but there were cases where 2 branches of similar length had the same number of nonsynonymous changes but one was significantly FIG. 4 .-Amino acid substitutions in egg proteins mapped onto Mc1r/Lcat gene trees, using parsimony and a Bayesian method for the same individuals included in the (a) ZP2 and (b) ZP3 data sets. Scale for each gene is indicated below each tree. Dashed branches have a length of zero. Each vertical bar represents a single amino acid substitution determined by parsimony. Substitutions at sites that have changed independently in more than one lineage have the amino acid position indicated. As determined by Bayesian analysis, branches with significantly higher nonsynonymous substitution rates are in bold black, and those where synonymous rates are also elevated are in bold gray. elevated and the other was not (fig. 4 ). This discrepancy is the result of substitution parameters that are not taken into account by parsimony mapping, such as the rate category for the codon and the type of nucleotide substitution that occurred. For example, rates of change from C to T in Zp3 were approximately 5 times higher than rates of change from A to C; branches with several substitutions that tend to be rare were more likely to be identified as having elevated rates by the Bayesian method. For Zp2, there were several branches that had high nonsynonymous rates but no amino acid substitutions as determined by parsimony. These were cases where mean rates for all realizations were very low but nonzero due to a small proportion of realizations in SIMMAP that were inconsistent with parsimony. If the means for all simulated data sets were zero, then the very small values for the observed data were significantly elevated. Several branches had elevated nonsynonymous rates in both Zp2 and Zp3, including the branches leading to the boylii/aztecus and the truei/difficilis lineages. This pattern suggests that, although these 2 egg proteins are involved in different stages of the fertilization process , selection may have acted on both proteins in the same lineages.
Discussion
In the past decade, rapid evolution of reproductive proteins has been documented in a wide variety of taxa (Swanson and Vacquier 2002a) . In internally fertilized species, research on patterns of evolution of reproductive proteins in closely related taxa has been primarily limited to Drosophila species (but see Jansa et al. 2003) . Here, we provide strong evidence that the egg proteins ZP2 and ZP3 have experienced positive selection in the Peromyscus genus. In addition, we identify specific amino acid sites in ZP2 and ZP3 that are likely targets of selection. In ZP3, these sites are clustered in and around the functionally important sperm-combining region. We show that some amino acids changed in parallel in multiple lineages, providing further support that these changes are adaptive and suggesting that the number of available pathways of adaptive evolution may be constrained. Finally, using a Bayesian method to map amino acid substitutions, we identify lineages with elevated rates of nonsynonymous change in both ZP2 and ZP3. These data confirm that patterns of evolution of reproductive proteins across mammals are reflective of processes at lower taxonomic levels and suggest future avenues of investigation to characterize the potential functional consequences of amino acid change on fertilization potential.
For both ZP2 and ZP3, we have identified several species that have variation in amino acid sequence. In some cases, alleles were not monophyletic with respect to species. This pattern could be a result of incomplete lineage sorting; however, the same individuals were monophyletic or unresolved with respect to species for the autosomal, nonreproductive genes Mc1r and Lcat. This pattern suggests that selection may be maintaining divergent Zp2 and Zp3 alleles within species. However, more detailed intraspecific analysis is needed to confirm and explain this result. Similar patterns of extensive polymorphism and divergence have been found in other adaptively evolving reproductive proteins, including the sea urchin sperm protein bindin and Drosophila Acps, whereas other reproductive proteins, including abalone lysin, appear to have experienced 
selective sweeps resulting in very little intraspecific variation (Swanson and Vacquier 2002b) . In addition to the ML approaches, the parallel pattern of change at several sites in ZP2 and ZP3 provided evidence that these proteins have evolved adaptively. Parallel or convergent evolution at the amino acid sequence level can be interpreted as evidence of adaptive evolution; examples include lysozymes of cows and langurs (Stewart et al. 1987) , butterfly and vertebrate opsins (Briscoe 2001) , and HIV envelope protein genes between different lineages within a patient (Holmes et al. 1992) . However, some sites that had parallel changes were not identified as targets of positive selection through the ML approaches, which assume that x is consistent through time at a particular codon. The expectation that selective pressure remains constant is unrealistic; however, statistical methods that account for variation in x both among codons in a sequence and through time require a large amount of variation and have thus far been applied successfully only to evolution of viral sequences, where rates of evolution are exceptionally high (Guindon et al. 2004 ). The parallel pattern of amino acid change allowed us to identify sites that are likely targets of positive selection, but where, response to selection was limited to specific lineages and/or to specific times during the Peromyscus radiation.
This repeated pattern of amino acid change suggests that there may be a finite number of ways to change adaptively. If all substitutions that occurred multiple times were conservative in terms of amino acid properties, we might infer that this pattern is a result of the negative consequences of radical change, even in the context of positive selection. However, for both ZP2 and ZP3, several repeated changes were not conservative, as defined by changes in charge or by Grantham's distance (Grantham 1974) . Such nonconservative changes have been found to occur much less frequently than expected under neutrality (Li et al. 1984) . Thus, the nonconservative changes we observed seem more likely to have consequences for protein structure and/or function.
In addition to parallel changes at single sites across taxa, we also observed correlated amino acid change in 2 sites that occurred in independent lineages. Two substitutions at sites 320 and 326 of ZP3, both from aspartic acid (D) to asparagine (N), occurred in the P. aztecus and Peromyscus melanophrys lineages ( fig. 3b ). This pattern is intriguing as, in addition to the fact that these substitutions are charge changing, the change at site 326 created a potential Nglycosylation site. In fact, this site is also an N-glycosylation site in Mus and Rattus and is known to be occupied in Mus (Boja et al. 2003) . Evidence indicates that glycosylation of ZP3 in Mus is required for sperm binding (Chen et al. 1998 ; but see Dean 2004); consequently, changes at glycosylation sites may have a direct impact on egg-sperm binding.
Variation in the amount of nonsynonymous change that has occurred in different Peromyscus lineages suggests that the selective forces acting on these genes have not remained the same throughout the evolution of the genus. Patterns of variation within species and between members of a sister species pair varied across taxa ( fig. 3 ). For example, there were differences in ZP3 between the sister species P. maniculatus and P. polionotus as well as variation within each species. In contrast, the amino acid sequence was identical for all samples of the sister species pair P. leucopus and Peromyscus gossypinus, which share a similar divergence time with P. maniculatus/P. polionotus (Blair 1950) .
Application of a Bayesian method for mapping nucleotide substitutions allowed us to identify variation in substitution rate both along the length of each gene and between lineages. Although these patterns can be inferred by examining sequence alignments and by parsimony mapping of substitutions, the Bayesian method provides a quantitative estimate of the amount of change that has occurred and allows statistical tests of elevated lineage-specific substitution rates. Using this approach, we identified several branches with significantly elevated rates of amino acid substitution in both ZP2 and ZP3.
In internally fertilized species, sperm competition and sexual conflict have been proposed as important factors driving reproductive protein evolution (Wyckoff et al. 2000; Price et al. 2001; Swanson, Yang et al. 2001; Torgerson et al. 2002) . Thus, variation in rates of evolution between species with different mating systems is predicted. Specifically, monogamous species may have lower rates of reproductive protein evolution because of the lack of sperm competition and reduced sexual conflict. For example, rates of evolution of 2 genes encoding semen proteins that are components of the mating plug are correlated with female promiscuity in primates (Kingan et al. 2003; Dorus et al. 2004) , and rates of Acp evolution are higher in Drosophila species with higher remating rates (Wagstaff and Begun 2005) . Variation in mating system is found in Peromyscus; although most Peromyscus species are promiscuous, monogamy has evolved independently in 2 of the species sampled in this study, P. californicus and P. polionotus (Kleiman 1977; Foltz 1981; Ribble 1991 Ribble , 2003 . We did not find a consistent reduction of rate of evolution of ZP2 or ZP3 in the monogamous taxa. Although P. californicus has had very little change in either of the proteins, the P. polionotus lineage has had multiple amino acid substitutions in both ZP2 and ZP3 (fig. 4) . Proteins involved in sperm morphology and performance may be more appropriate candidates to detect evidence of mating system effects on evolutionary rates.
Conclusions
Recent empirical and theoretical studies suggest that rapid evolution of reproductive proteins may play an important role in the evolution of reproductive isolation (Price et al. 2001; Servedio 2001; Coyne and Orr 2004) . Allopatric populations that have limited overall phenotypic divergence may have significant divergence of reproductive proteins, leading to postmating, prezygotic reproductive incompatibilities upon secondary contact (gametic isolation), and potentially resulting in reinforcement. In marine invertebrates, patterns of evolution of egg-sperm binding proteins suggest that changes have potentially contributed to reinforcement and reproductive isolation (Galindo et al. 2003; Geyer and Palumbi 2003) . However, in internally fertilized species, evidence for adaptive evolution of reproductive proteins within a genus is limited to Drosophila (Begun et al. 2000; Swanson, Clark et al. 2001; Swanson et al. 2004; Wagstaff and Begun 2005) and Mus (Jansa et al. 2003 , but see Supplementary Material online).
Tests for positive selection that do not require population samples, and those which can identify specific sites subject to positive selection, generally have been applied to higher level taxa, where amino acid variation is more likely to be sufficient to significantly reject neutral models (Anisimova et al. 2002; Yang and Nielsen 2002) . Here, we used a combination of several ML approaches and parallel patterns of substitution to detect selection and identify the specific amino acid sites that are evolving adaptively. Our results documenting positive selection acting on ZP2 and ZP3 within a genus confirm that we can successfully extend work documenting adaptive evolution of reproductive proteins across mammals (Wyckoff et al. 2000; Swanson, Yang et al. 2001; Torgerson et al. 2002; Jansa et al. 2003; Swanson et al. 2003) to look at how these proteins have changed between closely related species, where isolating barriers act and have evolved recently. It is certainly possible that adaptive change of ZP2 and ZP3 did not contribute to reproductive isolation between Peromyscus species, either because changes were not sufficient to prevent fertilization or because other isolating barriers had evolved before the egg proteins had diverged sufficiently to cause incompatibilities. More detailed intraspecific analysis is necessary to determine if differences in Zp2 or Zp3 genotype correlate with incipient reproductive isolation between populations.
In order to confirm a role of reproductive protein evolution in gametic isolation, functional consequences of amino acid change on fertilization potential must be determined. Here, we identified specific amino acid sites likely to be targets of selection in ZP2 and ZP3. Particularly appropriate for functional studies are the adaptively evolving sites in ZP3, which are clustered in and around the region known to be critical to successful egg-sperm binding in Mus . Evidence that sites in or around this region have evolved adaptively has been found previously in analysis of a taxonomically diverse set of mammals (Swanson, Yang et al. 2001) . Interestingly, the specific amino acid sites identified here are adjacent but not identical to the sites evolving adaptively across mammals, underscoring the value of examining evolutionary processes at multiple taxonomic levels. These data identify this region of ZP3, and the positively selected sites specifically, as promising targets for future functional assays of allelic differences in sperm-binding ability.
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